Abstract Long-term changes in the mean and extreme wind wave conditions as they may occur in the course of anthropogenic climate change can influence and endanger human coastal and offshore activities. A set of ten wave climate projections derived from time slice and transient simulations of future conditions is analyzed to estimate the possible impact of anthropogenic climate change on mean and extreme wave conditions in the North Sea. This set includes different combinations of IPCC SRES emission scenarios (A2, B2, A1B, and B1), global and regional models, and initial states. A consistent approach is used to provide a more robust assessment of expected changes and uncertainties. While the spatial patterns and the magnitude of the climate change signals vary, some robust features among the ten projections emerge: mean and severe wave heights tend to increase in the eastern parts of the North Sea towards the end of the twenty-first century in nine to ten projections, but the magnitude of the increase in extreme waves varies in the order of decimeters between these projections. For the western parts of the North Sea more than half of the projections suggest a decrease in mean and extreme wave heights. Comparing the different sources of uncertainties due to models, scenarios, and initial conditions, it can be inferred that the influence of the emission scenario on the climate change signal seems to be less important. Furthermore, the transient projections show strong multi-decadal fluctuations, and changes towards the end of the twenty-first century might partly be associated with internal variability rather than with systematic changes.
Introduction
Wind-generated waves at the ocean surface vary substantially in response to atmospheric forcing. The mean and extreme wave climates are essential for many coastal and offshore operations. Examples comprise, among others, coastal and offshore shipping, coastal protection, or operation and design of offshore wind farms or oil and gas platforms. Long-term changes in wave climate have therefore received considerable attention, either historically (e.g., Kushnir et al. 1997; Gulev and Grigorieva 2004; Sterl and Caires 2005; Weisse and Günther 2007) or as potential future developments in the course of anthropogenic climate change (e.g., Caires et al. 2006; Mori et al. 2010; Dobrynin et al. 2012; Semedo et al. 2013; Wang et al. 2014) .
Studies focusing on the aspects of potential future anthropogenic changes in wave climate are mainly driven by regional interests and many of the existing studies nowadays concentrate on specific regions (e.g., Debernard and Røed 2008; de Winter et al. 2012 for the North Sea, Brown et al. 2011 for parts of the Irish Sea, Lionello et al. 2008 for the Mediterranean, Andrade et al. 2007 for the Portuguese coast or Hemer et al. 2010 for the southeast coast of Australia, among others). Global wave climate projections based on dynamical approaches have only recently become available (e.g., Mori et al. 2010; Hemer et al. 2012a; Fan et al. 2013; Semedo et al. 2013 ; comparative study by Hemer et al. (2013) ). The advantage of the latter is that they enable inter-comparability between different regions, potentially helping in identifying hotspots of changes or regions of risk (as discussed in COWCLIP, see Hemer et al. (2012b) ) and in identifying large-scale patterns and causes of change. The computational efforts in producing such global projections are enormous, their number and spatial resolution will likely remain limited in the near future.
Regional projections will remain a valuable tool for detailed assessments also in the near future. Downscaling approaches for regional projections are computationally also still demanding such that the number of cases considered remain comparably small (typically in the order of one up to four [e.g., Andrade et al. 2007 ; Debernard and Røed 2008] ) and assessment of uncertainty ranges remains limited. The latter is, however, needed when robust adaptation measures should be developed which efficiently work under a broad range of future wave climate conditions. Future anthropogenic changes in the wave climate of the North Sea based on dynamical downscaling have been studied, for example, by Debernard and Røed (2008) , Grabemann and Weisse (2008) , Lowe et al. (2009 ), de Winter et al. (2012 , or Groll et al. (2014a) . Within these studies, considerable variation in the projected wave climate seems to occur. Whereas the pattern seems to be somewhat similar with a tendency to an increase of severe wave heights in eastern and southern parts of the North Sea and with a tendency to a decrease in western and northern parts, the magnitude of such changes varies strongly between the projections. Such variations may arise from different atmospheric forcing derived from different climate models forced with different greenhouse gas emission scenarios as well as from using different analysis techniques (e.g., different percentiles or return values for different periods: long-term, annual, winter, etc). While variations due to different atmospheric forcing represent the uncertainty in wave climate projections, variations caused by different analysis techniques hamper the comparability of the different studies.
In this study, a consistent analysis and systematic comparison of ten future projections of North Sea wave conditions are presented in order to provide a more robust figure of expected changes by determining common changes and to investigate contributions of different atmospheric forcing to the uncertainty of possible future changes in North Sea wave climate.
These ten projections describe an ensemble of opportunity; such an ensemble is characterized by non-scientific aspects such as availability of data which determine the size and composition of such ensembles and for which the sampling is neither random nor systematic (Tebaldi and Knutti 2007) . Ensembles of opportunity encompass variations between ensemble members that are not just caused by natural internal variability in the climate system, but also from model and forcing scenario differences (von Storch and Zwiers 2012). The latter is problematic when formulating and testing hypotheses in a statistical sense (von Storch and Zwiers 2012). However, caused by the enormous computational effort in generating the individual members, such ensembles of opportunity presently represent the state-ofthe-art and status quo in climate modeling. We, therefore, follow the discussion in von Storch and Zwiers (2012) and provide a simple descriptive approach for characterizing the information in our ensemble of projections acknowledging the effect that results may change in a different ensemble even if our understanding of the climate system remains unchanged (Tebaldi and Knutti 2007) .
Models, ensemble setup, and statistical analysis
The ensemble of opportunity for the North Sea (Fig. 1 ) studied here includes ten already existing future projections of the wave climate (Table 1 The six projections based on the scenarios A1B and B1 differ in their underlying RCMs and in the initial conditions (IC) of the underlying simulations for the global climate and the four projections based on the scenarios A2 and B2 differ in their underlying GCMs. The simulation identifers consists of two to three letters before the underscore presenting the reference simulations (C20) or the future climate projections described by the respective scenario (e.g. A1B). The one to two letters after the underscore present the initial condition (1, 2 or 3) and the RCM (C, R or H) in case of the six transient projections or the GCM (E or H) in case of the four time slice projections the simulations of the ocean wind waves were driven with regionalized atmospheric data from simulations of the global climate. For the underlying simulations of the global and regional climate, different emission scenarios, initial conditions, and general (global) circulation (GCMs) and regional climate (RCMs) models are incorporated Table 1 ( Table 1 ). In the following, this ensemble and the models involved are described shortly; more detailed information can be found in Grabemann and Weisse (2008) and Groll et al. (2014a, b) .
The wave model WAM
The ocean wind waves in the ten projections were simulated using two versions (4.5 and 4.5.3) of the third generation spectral wave model WAM (WAMDI Group 1988) . This state-of-the-art wave model has been validated and used in several studies which show that the model is capable of reproducing the North Sea wave climate at a reasonable degree of accuracy (e.g., Weisse and Günther 2007) . In all cases, a nested approach was used. The coarse grid has a horizontal resolution of 0.5 • × 0.75 • (latitude × longitude) which corresponds roughly to a 50 × 50 km grid. The grid covers parts of the North East Atlantic to take into account swell generated outside and propagating into the North Sea. Sea ice conditions from corresponding simulations of the global climate are used.
The fine grid has a resolution of about 5.5 × 5.5 km (0.05 • × 0.1 • and 0.05 • × 0.075 • for longitude × latitude in version 4.5 and 4.5.3, respectively). It covers the North Sea from 51 • S to 58.5 • N and 3.25 • W to 10.25 • E. The fine grid simulations get the spectral wave information at the boundaries from the coarse grid simulations. The wave spectra for both grids (coarse and fine) are calculated for 25 frequencies (version 4.5.3) and for 28 frequencies (version 4.5), respectively, and 24 directions. The model is used in shallow water mode with depth refraction. The integration time step is one minute and wave parameters are stored every hour. The output of the wave model is used to calculate mean and extreme wave height statistics.
Ensemble of opportunity
To estimate the future range of possible changes in North Sea wave conditions an ensemble of ten simulations was used. The driving atmospheric models, initial conditions, and scenarios are listed in Table 1 together with the identifiers for the reference and projected wave climates. A schematic illustration of the reference and projection periods is summarized in Fig. 2 .
This ensemble of opportunity consists of six 140-year long projections based on one coupled atmosphere-ocean GCM, two emission scenarios and three different initializations accounting for internal natural variability. The three different initializations origin from randomly chosen dates derived from long quasi-equilibrium simulations with fixed external forcings (for more details see Hollweg et al. 2008) . From 1860 to 2000, these three simulations are forced by observed greenhouse gas concentrations. Subsequently, from 2001 to 2100, the simulations are forced with the two IPCC SRES emissio and B1 (Houghton et al. 2001; Nakicenovic and Swart 2000) . The global simulations were subsequently dynamically downscaled from 1960 onwards using three different RCMs.
Furthermore, the ensemble consists of four 30-yearlong projections for the IPCC SRES scenarios A2 and B2 (Houghton et al. 2001; Nakicenovic and Swart 2000) which differ in their underlying two GCMs. Simulations for the reference climates and the climate projections were done for 1961-1990 and 2071-2100, respectively, and were regionalized with one RCM.
The RCM simulations were used to generate four 40-year-long (1961-2000) and two 30-year-long (1961-1990) wave simulations for the twentieth century and corresponding six 100-year-long (2001-2100) and four 30-year-long (2071-2100) wave simulations under climate change scenario conditions, respectively, with the model WAM (see Fig. 2 and Table 1 ).
Together with their respective reference climate simulations, the A1B and B1 projections and the A2 and B2 projections are referred to as transient and time slice simulations, respectively (see Fig. 2 ).
The different twentieth century reference simulations (C20) were validated against measurements and data from a hindcast (Weisse and Günther 2007) which was driven by NCAR-NCEP reanalyses atmospheric data. For a more detailed description of the different reference climates and their validations as well as the future climate projections: for the time slice projections A2 E, A2 H, B2 E, and B2 H see Grabemann and Weisse (2008) , for the transient projections A1B 1C, A1B 2C, B1 1C, and B1 2C see Groll et al. (2014a) , and for the two transient projections A1B 3H and A1B 3R see Groll et al. (2014b) .
Statistical analysis
Changes in the significant wave height (SWH) as obtained from the ten projections are consistently analyzed and presented as follows.
For each of the ten projections, the annual 50th (median) and the annual 99th percentile and the annual maximum SWH were calculated from the hourly values for every grid point in the model domain of the fine North Sea grid. The annual median, the annual 99th percentile, and the annual maximum SWH were averaged over the 30-year time slices 1961-1990 and 2071-2100 in case of the reference climates and climate projections. The climate change signal at every grid point is defined as the difference between the 30-year mean of the annual 50th, 99th percentile, or maximum SWH of a climate projection and the respective 30-year mean of its reference climate for .
Independent of its magnitude, the climate change signal is either positive or negative describing either an increase or a decrease of the significant wave height for 2071-2100 relative to . To identify common changes, at each grid point the number of projections N sharing the same sign of change was determined rather than calculating ensemble means (see von Storch and Zwiers (2012) for discussion on this issue). As the time slice and the transient simulations were performed on different model grids (see Section 2.1), the data were interpolated on the least common grid (0.3 • × 0.15 • ) for comparison. To give additionally the range of the projected changes in wave conditions, climate change signals are also analyzed for each projection.
This range of the projected changes may arise from different atmospheric forcing which results from the different emission scenarios, GCMs, RCMs, or initial states included in the ten projections. To test the similarity of the climate change signals in the ten projections with respect to the different forcing factors a combined analysis of pattern correlation and mean absolute difference was introduced to those projections which differ only by two factors.
For three selected areas with an extent of 0.9 • × 0.45 • near different coasts of the North Sea (see Fig. 1 ) areaaveraged time series were extracted. For these areas, box plots of the annual median, annual 99 percentile, and annual maximum SWH were calculated for the year and 2071-2100 to investigate changes in the main distribution parameters. In order to compare the simulated variability in the reference and projection periods with the natural variability, the respective distribution parameters based on area-averaged annual median, annual 99th percentile, and annual maximum SWH were extracted from the 50-yearlong aforementioned hindcast (Weisse and Günther 2007) . As the model domain of the hindcast simulation is limited to 56 • N, such values can be shown for area B and G only. In order to be consistent with the boxplot analysis, here the natural variability is defined as the 25th and 75th percentiles of annual values from the hindcast.
To elaborate the temporal variability of the climate change signal over the 140 years from 1961 to 2100, time series of the 30-year-running means for the area-averaged annual median, annual 99th percentile, and annual maximum SWH at the three selected areas were used. The 30-year running means are again presented relative to the reference climate . To display the variability within the 30-year running periods, 25th and 75th percentiles were calculated from the 30 annual values and were compared to the natural variability derived from the hindcast.
Results

Climate change signals for 2071-2100
In the following, common features and differences in the climate change signals obtained from the ten projections are elaborated for the whole model domain of the North Sea for the end of the twenty-first century (2071-2100). Such common features for all ten projections arise from the spatial distribution of the number of projections N for which the climate change signals have the same sign. A common change is defined as robust if at least nine projections have the same sign.
The climate change signals of the annual maximum SWH (Fig. 3, left) show an increase for more than half of the projections in most areas in the North Sea. For parts of the southern North Sea and toward the eastern coasts and the Skargerrak, nine to ten projections have the same sign showing an robust increase. Along parts off the British coast, more than half of the projections show a decrease in maximum SWH but this change is less robust.
The climate change signals of the annual 99th percentile SWH (Fig. 3, middle) display an increase in the southern and eastern North Sea in most of the projections. For the areas off the Dutch, German, and Danish coasts, nine to ten projections agree in an increase in 99th percentile SWH covering similar areas as for the maximum SWH. In the northwestern parts, more than half of the projections reveal a negative but less robust change.
In case of the annual median SWH (Fig. 3, right) , the spatial pattern presents an east-west directed increase in the number of projections with a positive sign of the climate change signal. In the most eastern North Sea, an increase in median SWH is dominant and can be seen in at least nine projections. Toward the British coast of the North Sea, nine to ten projections show a robust decrease of the median SWH.
Figure 3 displays whether an increase or a decrease in SWH is dominant in the ten projections without giving the magnitude of this increase or decrease. In the following, the range of this magnitude as obtained from the ten projections is displayed. Figure 4 To display the contributions of the different forcing factors (like scenarios, GCMs, RCMs, and initial states) to the detected future changes in wave conditions, Fig. 5 presents a comparison of the climate change signals between different projection combinations which is based on pattern correlation and mean difference. The comparison is limited to combinations of projections which differ only in two forcing factors.
The simulations which differ in their two forcing GCMs and two emission scenarios are shown by rhombs in Fig 5. For the climate change signals of the annual median and the 99th percentile SWH, the combinations A2 E/B2 E and A2 H/B2 H (green rhombs, same GCM but different emission scenarios) are more similar with correlation coefficients exceeding 0.9 and relatively small mean differences than the combinations A2 E/A2 H and B2 E/B2 H (blue rhombs, same scenario but different GCMs) or the combinations A2 E/B2 H and B2 E/A2 H (black rhombs). This points out that the underlying GCMs seem to have more influence than the chosen emission scenarios in these combinations. This result is less obvious for the climate change signals of the annual maximum SWH.
The simulations with the same GCM but with different initial conditions and emission scenarios are displayed by circles in Fig. 5 . For the annual median SWH, all combinations show high correlation coefficients of more than 0.9 and relative small mean differences. Thus, a differentiation for a larger influence of the initial conditions or the scenarios on the climate change signals is not possible. For the annual 99th percentile and maximum SWH, the effect of the initial condition on the climate change signal seems to be more or similar important as the effect of the emission scenario. The combinations A1B 1C/B1 1C and A1B 2C/B1 2C (red circles, same initial conditions but different scenarios) show higher (less) or comparable pattern correlations (mean differences) compared to the combinations A1B 1C/A1B 2C and B1 1C/B1 2C (blue circles, same scenario but different initial conditions) or A1B 1C/B1 2C and A1B 2C/B1 1C (black circles). The comparison of the climate change signals for the projections A1B 3H and A1B 3R (yellow square, same emission scenario, GCM and initial condition but different RCMs) shows the importance of the chosen RCM. The pattern correlation coefficient is comparable to other combinations, but the mean difference is comparably high. Thus, whereas the patterns are relatively similar, the amplitudes of the climate change signals depend on the chosen RCM.
Distributions of annual SWH parameters at three areas
In the following, the distributions of the annual values of the individual 30 years for each projection 2071-2100 and the respective reference climate 1961-1990 are displayed for the three selected areas by boxplots (Fig. 6) . The means of each box for the projections correspond to the climate change signals at the specific areas in Fig. 4 .
For areas G and S, the differences between the mean of the 30 annual maximum SWH of each climate projection and the mean of the respective reference climate are positive for at least nine or all ten projections. The same is valid for the annual median and the annual 99th percentile (Fig. 6) . For area B, the differences are negative for seven projections in case of the annual maximum and 99th percentile, and they are negative for all projections in case of the median SWH (Fig. 6 ). These findings are in accordance with those given in Figs. 3 and 4 .
In the reference climate, 50 % (between the 25th and 75th percentiles) of the annual maxima represented by the boxes vary up to about 2 m (areas B and G) or 3 m (area S). For all the three areas, the boxes are overlapping for most of the projections and their respective reference climate which point to non-robust changes within each single projection. There is no general tendency for a widening or narrowing of the distribution in the ten projections. Similar results are generally obtained for the annual median and 99 percentile SWH with a few exceptions. For areas B and G, the variability in the reference simulations is similar to or slightly smaller than the natural variability as displayed by the 50-year-long hindcast showing that most of the reference simulations represent the natural variability.
3.3 Multi-decadal variability at three areas Weisse and Günther (2007) aforementioned hindcast for areas B and G (red lines in Fig. 7) . At area B, no trend is evident in the hindcast and at the beginning of the six climate simulations. At area G, an almost linear increase of the 30-year running mean annual maxima can be seen in the hindcast and in half of the climate simulations. Thus, the variability at the beginning of the simulations is within the variability derived from the hindcast for these two areas. At all three areas, the transient projections show multidecadal variability within each projection and considerable scatter between the six projections. Between all projections throughout the simulation period, these multi-decadal variations are between about -60 cm and 1.4 m for the area off the Skagerrak (area S), between about -30 cm and 1 m for the area in the German Bight (area G) and between about -80 and 60 cm for the area off the British coast (area B). Therefore, the multi-decadal variability of the climate change signals is in the order of -10 to 15 % of the reference conditions.
Superimposed there appears to be a small tendency of the 30-year running mean of the annual maximum SWH to an increase toward 2100 at the areas G and S and a small tendency to a decrease at area B. The changes for 2071-2100 (area G, -10 to 80 cm; area S, 10 to 125 cm; and area B, -60 to 40 cm) are in agreement with the findings shown at the specific locations in Figs. 3 and 4 and with area B area G area S the changes shown by the boxplots in Fig. 6 for the single projections. A variability of the annual values within the running 30-year periods (displayed in grey by the running 25th and 75th percentiles) is seen at all three areas. For area B, the 30-year running means of the annual maximum SWH are within the natural variability given by the aforementioned hindcast (displayed in blue by the 25th and 75th percentiles of the 50 annual maxima). The projected variability is also in most time periods within the range of the natural variability. For area G, the 30-year running means of the annual maximum SWH exceed in the projections A1B 1C and B1 1C in a few time periods and in the projection A1B 3H in most time periods the natural variability. But also in these time periods, the variability of the 30 annual maxima is still overlapping with the natural variability.
Time series of the 30-year running means of the areaaveraged annual median and 99th percentile significant wave heights (not shown) at the same locations display comparable multi-decadal fluctuations. These findings are in agreement with those for the 30-year running means of the median and 99 percentile SWH shown for other areas in Groll et al. (2014a) for four of these six projections.
Independent of the area, these time series for the climate change signals of the area-averaged annual median, 99th percentile, and maximum SWH point out that the multidecadal fluctuations are in the same order of magnitude as the change (increase or decrease) toward 2071-2100.
Discussion and conclusions
The ten projections of possible future wave conditions studied here are based on different emission scenarios and on different global and regional models starting from different initial conditions. Each emission scenario is equally consistent and plausible and basically reflects different assumptions on future socioeconomic development. All underlying models represent the state-of-the-art and projections from different models are thus considered equally likely.
These ten projections were consistently analyzed and systematically compared to detect differences and similarities in the projected changes in SWH and to provide robust patterns of expected changes and uncertainty ranges. Two main conclusions can be drawn.
1. The increase in SWH for the annual maximum, 99th percentile, and median for 2071-2100 compared to in the eastern parts of the North Sea is a robust feature among the ten projections considered. 2. There is multi-decadal variability apparent in the transient projections that is in the same order of magnitude as potential changes towards the end of the twentyfirst century. Moreover, the projected variability seldom exceeds the natural variability defined here by the 25th and 75th percentiles of annual maximum, 99th percentile and median SWHs from a hindcast.
Nine to ten projections agree in an increase of the SWH for the annual maximum, 99th percentile and median for 2071-2100 compared to in the eastern North Sea. The spatial distribution of the robust change is relatively similar for the maximum and the 99th percentile SWH. It covers parts of the southeastern North Sea and large parts off the Dutch, German, and Danish coasts up to the Skagerrak. For the median, the spatial distribution of the robust change is smaller and restricted to the most east. For some parts off the British coast, nine to ten projections show a robust decrease in case of median climate change signals. However, the aforementioned robust changes in all domains are smaller than 5 % relative to the reference climate. Larger changes are found in single projections but not consistently in nine to ten members.
Whereas the sign of change appears to be a robust feature in some areas of the North Sea, the magnitude of possible future changes in mean and severe SWH is much more uncertain. For the three distribution parameters, climate change signals between the projections vary between about -10 and 15 % relative to the reference SWH. Debernard and Røed (2008) investigated a set of four climate projections including combinations of three emission scenarios (A2, A1B, and B2) and three different GCMs. The climate change signals for 2071-2100 in comparison with 1961-1990 vary in their spatial pattern and in their magnitude between the four projections. Overall, severe SWHs (99th percentiles) agree in an increase along the east coast of the North Sea and the Skagerrak (6-8 % for a combined analysis) whereas a decrease occurs to the west and/or north of the North Sea. Lowe et al. (2009) compared the time periods 2070-2100 and 1960-1990 for emission scenario A1B, they found changes in the mean annual maximum SWH between -1.5 and 1 m. Changes with a negative sign occur along the North Sea coast of Great Britain and in the northern North Sea and those with a positive sign in the southern and eastern North Sea. de Winter et al. (2012) investigated means of a 17 members ensemble for the emission scenario A1B based on one GCM. The comparison of the time periods 2071-2100 and 1961-1990 shows that the mean SWHs remain unaltered in front of the Dutch coast for the selected locations. There changes in annual maximum SWHs vary around zero (about -0.1 to 0.1 m). For a few selected locations in the central to the northern North Sea, changes in annual maximum SWH have a negative sign (about -0.5 to -0.2 m). Changes in these studies are in the same order of magnitude as the changes derived from the ten future climate projections presented in this study.
In order to put the results from the ten regional projections presented here into a broader perspective, they are compared to those from recently available global wave projections (compared in Hemer et al. 2013 , available at https://wiki.csiro.au/display/sealevel/ COWCLIP+Contributions). Using dynamically downscaled projections, this comparison is limited to five CMIP3 wave simulations which are originally described in Mori et al. (2010) , Hemer et al. (2012b) (two projections), Fan et al. (2013) , and Semedo et al. (2013) . Three of the five individual climate change signals of the global wave projections suggest a tendency to an increase of the mean SWH toward the eastern coasts up to +10 % and all five signals tend to decrease toward the Northwest up to approximately -10 %. These changes are in the same order of magnitude as those given by the ten regional projections for medium conditions. However, the coarse resolution and the use of different land-sea-masks in these global projections hamper the comparison. These global projections agree with the common change of the regional projections in a common decrease in the Northwest of the North Sea (Fig. 8) , whereas a common increase in the eastern North Sea is hardly to identify. The common change signal of the five global and ten regional projections displays also an increase (decrease) of the mean SWH in the eastern (western) North Sea in the majority of the projections. To keep the focus on the dynamical projections, the global statistical projections , available at https://wiki.csiro.au/display/ sealevel/COWCLIP+Contributions) are not included in the analysis of the common change shown in Fig. 8 . However, incorporating these statistical projections to the common change (not shown), the general pattern would not change.
In the course of the twenty-first century, the transient regional projections display variations of the climate change signals on multi-decadal time scales and the strongest signals (increase or decrease) do not necessarily occur toward Fig. 8 Spatial distribution of the number N of projections (in % of the number of available projections per grid point) for which the climate change signals of the long-term mean SWH have a positive sign using the five global simulations (left), the ten regional projections (interpolated to the global grid, middle), and the five global and ten regional projections (right). Due to the different global land-sea-masks, there are grid points with less than the five considered global projections, these grid points are marked by circles. The five global projections used for this comparison originates from Mori et al. (2010) , Hemer et al. (2012b) (two projections), Fan et al. (2013) , and Semedo et al. (2013) the end of the century. Throughout the simulation period 2001-2100, the climate change signals for the three distribution parameter (annual median, 99th percentile and maximum SWH) vary for the three areas and between all projections between about -10 and about 15 % relative to the reference conditions. These variations which are superimposed on the long-term changes indicate the internal variability and are in the same order of magnitude as the increase or decrease toward the end of the century.
At the three selected areas, the distributions of the annual median, 99th percentile, and maximum SWH show no general trend towards a widening or a narrowing within the ten regional projections for 2071-2100 relative to or within the six transient projections for which the distributions (given by the 25th and 75th percentiles) vary over the consecutive 30-year time periods. Grabemann and Weisse (2008) and Groll et al. (2014a) suggested that the increase in median and 99th percentile SWH toward 2100 for the eastern North Sea mainly result from an increase in frequency of higher waves.
The tendency to an increase of the median and severe SWHs in the eastern/southern parts and the tendency to a decrease in the western/northern parts of the North Sea is in accordance with changes in the driving wind fields. Strong winds from westerly directions become more frequent toward 2100 and waves propagate more often toward the east (Grabemann and Weisse 2008; Groll et al. 2014a ). Changes to more frequent stronger westerly winds toward the end of the twenty-first century is also projected in studies of, e.g., Debernard and Røed (2008) (Gaslikova et al. 2013; Groll et al. 2014a, b) . For the A1B and B1 projections used here, Pinto et al. (2007) noted for the underlying GCM simulations that a shift to more strong westerly winds is in accordance with a shift towards more positive North Atlantic oscillation (NAO) phases. Additionally, they showed multi-decadal variability of the NAO-index throughout the twenty-first century.
Concerning the sources of uncertainties in the ten regional wave climate projections for 2071-2100, it was found in case of the four projections A2 E, B2 E, A2 H, and B2 H that for the median and the 99 percentile SWH the model-based differences are larger than the emission scenario-induced differences. A similar conclusion is presented by Debernard and Røed (2008) for a slightly different set of four projections using the scenarios A2, A1B and B2. Wang and Swail (2006) also concluded that the uncertainty due to differences caused by different GCMs is greater than that due to differences among the emission scenarios. Comparing the projections A1B 1C, A1B 2C, B1 1C, and B1 2C, the effect of the initial condition seems to be stronger as or similar to the effect of the emission scenario for the 99th percentile SWH. For the median SWH, these projections are comparably similar. Furthermore, the differences in the projections A1B 3R and A1B 3H reflect the importance of the RCM in estimating the climate change signals. Such impacts due to GCMs, RCMs, initial conditions, and emission scenarios is less obvious in the maximum SWH. Summarizing, the differences in the climate change signals due to the used GCMs, RCMs, initial conditions, and emission scenarios in the ten projections suggest that the choice of the emission scenario has less influence on the simulated future wave climate than the other three components at least for medium and 99th percentile SWHs. Additionally, the multi-decadal variations in the transient projections point to an uncertainty from the choice of the selected time period.
For the regional ensemble presented here, it is important to note that apart from using four different RCMs, four emission scenarios, and three different initial conditions, only two different GCMs are included. This could lead to a biased interpretation of the ten regional projections. Using a larger set of GCMs in regional projections could lead to a more generalized ensemble by incorporating different large scale atmospheric circulation variability (e.g., NAO) and should be taken into account in future regional ensemble studies of the wave climate.
Summarizing, the results shown here together with those from other studies indicate that the increase in median and severe SWH in the eastern North Sea towards the end of the twenty-first century appears to be a robust feature. The magnitude of this increase is much more uncertain. In the western North Sea, projections with a decrease in SWH dominates, but this signal is less robust for severe SWH. Within the twenty-first century, the climate change signals for the SWH vary on multi-decadal time scales. These variations point to the internal climate variability and are in the same order of magnitude as the climate change signals toward the end of the twenty-first century.
